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SECTION 1 


INTRODUCTION 


Volume II presents the complete set of reduced data obtained from a 
series of 19 quasi-static tests of segments of cylindrical tunnel linings. 
This series was a continuation of an earlier test program consisting of 16 
similar tests on other model configurations. These linings represent several 
advanced rock opening reinforcement concepts proposed for use in deep-based 
protective facilities in rock. Test specimens included scale models of several 
types of protective structures fielded by Merritt CASES, Inc. (CASES) and SRI 
International in underground structures experiments conducted at the Department 
of Energy's Nevada Test Site (NTS). In addition, a steel fiber reinforced con- 


crete liner was also tested. 


This volume is organized into three main sections. The first section is 
the introduction, The second section provides a brief summary of the testing 
program, including descriptions of the testing apparatus, the data acquisition 
system and the various test articles. The final section furnishes the actual 
data obtained during the tests. The dataare presented in the form of Cal-Comp 
plots of applied load distribution, applied load versus strain and applied 
load versus diametral displacements. A brief description of each test specimen 
and instrumentation location is given for each test. Also, a computer printout 
of the actual data points used in generating the plots is included for com- 


pleteness. 


The data are grouped into sub-sections based on the five different 


types of models tested. These models are discussed in Section 2, 





SECTION 2 


TEST PROGRAM 


2.1 TEST PROCEDURE 


The principle objective of the tests of segments program was to determine 
the detailed behavior of several different types of sophisticated lining seg- 
ments subjected to carefully controlled loading histories. A test procedure 
was devised in which a radial load distribution, consisting of a superposition 
of a uniform component and a sinusoidally varying component, was applied to the 
outer surface of the test specimen in an incremental fashion. A loading ratio 
was used to specify the particular load distribution used during a test. This 
loading ratio was defined as the quotient of the minimum and maximum amplitudes 


of the total applied load as shown in Figure 2.1. 


2.2 TEST APPARATUS 


The loading system consisted of 16 hydraulic jacks, eight of 100-ton 
(890 kN) and eight of 150-ton (1330 kN) nominal capacity, resulting in a total 
load capacity of four million pounds (17.8 MN). For the test specimen dimen~- 
sions used in this program, this load capacity translated into an equivalent 
hydrostatic pressure capability of approximately 2000 psi (13.8 MPa). The 
jacks were supported at their base by a reaction system consisting of a heavy 
steel ring, weighing approximately 18,000 pounds (80 kN), capable of with- 
standing at any point a diametrically opposed force of 300 tons (2660 kN) with 
a "factor of safety" of approximately four (stiffness was considered at least 
as important as strength in the original design). Figure 2.2 is a detailed 
drawing of the reaction system showing several jacks in place in the support 
ring as well as details of the ring cross-section. The 16 jacks were equally 
spaced around the circumference of the support ring. They, in turn, loaded 
the exterior surface of the cylindrical test specimen as shown in Figure 2.3. 


The 16 jacks were controlled through a 10-channel Edison 
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Figure 2.3 Reaction System with Test 
Specimen in Place. 


t -9- t 
dl ‘s se weaaiig Bh mee se A eee = thE sc aaa 
“Pow TT rewany aaa aera aae 





.* 


hydraulic controller, but only five channels were used because of symmetry of 


the load distributions used in the test program. 
2.3 DATA ACQUISITION 


Instrumentation typically consisted of eight displacement gages to 
measure changes in diameter between each of the points at which the load is 
applied; 12 strain gages to measure strain at selected points on the test 
specimen; eight cells to measure load under one of the matching pairs of 
jacks and 16 measurements of torque and drift of the specimen being tested 


within the support ring. 


The data acquisition system if shown in Figure 2.4. This block dia- 
gram presents the typical configuration used during the segment testing. 
Different specimen designs resulted in changes in both the number and lo- 
cation of strain gages. A schematic showing typical gage locations is shown 
in Figure 2.5. 


The primary recording was accomplished with the Fluke Data Logger 
which produced a printed paper tape output. Approximately 40 channels were 
recorded on each test. These were sampled sequentially and printed and 
displayed at 2 samples per second. An X-Y plot of applied load versus de- 
flection (or strain) was also generated for monitoring and control during 


each test. 


The eight 300k load cells remained in the same positions throughout the 
test program with each cell measuring axial load in a pair of opposing rams. 
Since these 180° pairs were connected together hydraulically, the Toads im 
posed on opposite sides of the test items were continuously equalized. Dummy 


load cells were installed on the opposing rams to act as permanent spacers. 


Retention rods were attached to the specimen loading blocks at the 
wajor and minor axes to restrict lateral or rotational movement of the test 
item. These 16 rods, mounted top and bottom, were strain gaged to monitor 

-10- 
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REACTION FRAME TEST SET-UP | 


Specimen #1] Test £13 
1:3 Load 


C-y-16 18 Oct. 1977 





CH 12-19 Load axis I1.D. (Research, Inc. Model 4040). 
CH 22-29 Axial load (Transducers, Inc. Model 693-300k). 
CH 30-42, 45-49 (Ailtech SG 129-6S) Radial pairs 2" from top, except 46-47 2" from 
bottom. Odd gages 31-45 and 48 on rebar, 
CH 50-56, and 59 (Ailtech SG 129-6S) Polarity indicates rod under tension. 
Lower rod shown (XX). 


Figure 2.5 Typical Instrumentation Layout for Tests of Segments. 
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and record the tension forces imposed during the test. The strain gages on 
each two opposing rod assemblies were connected into a single four-arm bridge 
such that tension could be measured in either rod with the output polarity in- 
dicating the direction of force. The strain level in each rod was also moni- 
tored automatically by the data logger and an alarm was triggered if the load 
exceeded a pre-set limit. This safety feature prevented excessive buildup of 
unbalanced forces as the specimens yielded which could have produced a danger- 


ous, catastrophic failure. 


The eight specimen diameters at each load axis were continuously mon- 
itored with cable-type potentiometers. These were mounted inside each specimen 
or on top depending on the configuration of the model. Steel strains were 
measured using Ailtech weldable strain gages. Strain measurements on the con- 
crete or foam surfaces were obtained using BLH PA-3 strain gages and post- 


yield cement. 


After each test was completed, data from the logger was transferred 
to punched cards for processing in the IBM 360 computer at the University of 
California, Riverside, Computer Center. A special data reduction software 
package developed specifically for the CASES data acquisition system de- 
commutated the data and automatically plotted results using an off-line Cal- 
Comp drum plotter. Programs provided for plotting any function versus another 
function; that is, load versus strain, load versus displacement, strain versus 
displacement, etc. Typical generated plots fromthe tests of segments program 
included a polar plot of incremented load distribution, load versus strain 
and load versus displacement. Overall data reduction turn-around for a typical 
segment test was generally accomplished with a 24 hour period once the system 


was automated. 
2.4 TEST ARTICLES 


The test program was composed of five different structural types of 
lining segments: a composite integral lining, a steel lining with 2000 psi 
backpacking, a corrugated lining with 500 psi backpacking, a composite integral 
liner with 1000 psi backpacking and a steel fiber reinforced concrete liner. 


-13- 
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Polyurethane foam of appropriate densities was utilized as the backpacking 
material. The composite integral specimen was a scale model of a MIGHTY EPIC/ 
DIABLO HAWK structure designated C-X-9 as shown in Figure 2.6. The steel liner 
with backpacking shown in Figure 2.7 was also a scale model of a structure 
S-X-11 (SRI built-up liner) used in MIGHTY EPIC/DIABLO HAWK. The corrugated 
liner with backpacking, shown in Figure 2.8, was scaled from structure AL-10 

in the PILE DRIVER Event. The fiber reinforced concrete liner and the com- 


posite integral liner with backpacking were conceptual models as shown in 


Figures 2.7 and 2.9, respectively. 
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C-X-9 Test Specimen. 





Figure 2.6 Details of MIGHTY EPIC/DIABLO HAWK 
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SECTION 3 
TEST DATA 
The complete set of data for the test program is presented in this 


section. The data is arranged into groups determined by structural type. 


A summary of the test program is given by the test matrix shown in Table l. 
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3,1 (C-X-9 MODELS 
3.1.1 SPECIMEN #11 


TEST NO, 39 
COMPOSITE INTEGRAL LINER 
1:4 LOADING RATIO 
TESTED 15 JUNE 1978 
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REACTION FRAME TEST SET-UP 


Specimen #1] aay se oe 
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CH 12-19 Load axis I.D. (Research, Inc. Model 4040). 

CH 20-22, 25-29 Axial load (Transducers, Inc. Model 693-300K). | 

CH 30-41 (Ailtech SG 129-6S) Radial pairs at center. Odd gages on Rebar. 

CH 50-57 (Ailtech SG 129-6S) Polarity indicates rod under tension. 
Lower rod shown (XX). 
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3.1.2 SPECIMEN #12 


TEST NO. 40 
COMPOSITE INTEGRAL LINER 
1:3 LOADING RATIO 
TESTED 23 JUNE 1978 





Specimen #12 
C-X-9 gn 





Teste £40 
I:3 Load 
23 June 197g 





CH 12-39 Load axis Ip. (Research, Ine Mode] 4040) 
CH 20-22, 25~29 Axial load (Transduce S, Inc Mode} 693-300K) , 
CH 30-4) (Ailtech SG 129-65) Radia] Pairs ar Center. gq 84ges on Rebar, 
CH 50-57 iltech SG 129-65) Polarity Indicates Tod under fension, 
Ower rod Shown (XX), 
d 
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3.1.3 SPECIMEN #14 


TEST NO. 44 
COMPOSITE INTEGRAL LINER 
1:2 LOADING RATIO 
TESTED 7 JULY 1978 
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REACTION FRAME TEST SET-UP 


Specimen #14 Test #44 
7X 3" 1:2 Load 
eae? 7 July 1978 





CH 12-19 Load axis I.D. (Research, Inc. Model 4040). 
CH 20-22, 25-29 Axial load (Transducers, Inc. Model 693-300K). 
CH 30-41 (Ailtech SG 129~6S) Radial pairs at center. Odd gages on Rebar. 
CH 50-57 (Ailtech SG 129-6S) Polarity indicates rod under tension. 
Lower rod shown (XX). 
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‘AD-A08G 210 «MERRITT CASES INC  REDLANOS CA F/@ 13713 
CONTINUATION OF STATIC TESTS OF SEGMENTS OF TUNNEL LININGS. VOL=-ETC(U) 
JUN-79 HC DAVES: K B MORRILL» JL MERRITT ONAC01-78-C-0037 

UNCLASSIFIEO 78-00%-T2-VOL-2 ONA~S000F -2 ww 








3.1.4 SPECIMEN #15 


TEST NO. 45 
COMPOSITE INTEGRAL LINER 
1:1,5 LOADING RATIO 
TESTED 13 JULY 1978 


-93- 








REACTION FRAME TEST SET-UP 


Specimen #15 Test #45 


C-X-9 8" 






1:1.5 Load 
13 July 1978 


CH 12-19 Load axis I.D. (Research, Inc. Model 4040). 
CH 20-22, 25-29 Axial load (Transducers, Inc. Model 693~300K). 


CH 30-41 
CH 50-57 


Serge sp 


(Ailtech SG 129-68) Radial pairs at center. Odd gages on Rebar. 
(Ailtech SG 129-6S) Polarity indicates rod under tension. 
Lower rod shown (XX). 
-94- | 
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3,1.5 RELOAD OF SPECIMEN #15 


Sih consti ad 


TEST NO. 46 
COMPOSITE INTEGRAL LINER 
1:1.5 LOADING RATIO 
TESTED 13 JULY 1978 
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REACTION FRAME TEST SET-UP 


Specimen #15 Test #46 
a nes aes Load 
C-X-9 8" 13 July 1978 { 








CH 12-19 Load axis I.D. (Research, Inc. Model 4040). 
CH 20-22, 25-29 Axial load (Transducers, Inc. Model 693-390K). 
CH 30-41 (Ailtech SG 129-6S) Radial pairs at center. Odd gages on Rebar. 
CH 50-57 (Ailtech SG 129-6S) Polarity indicates rod under tension. 
Lower rod shown (XX). 
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3.1.6 RELOAD OF SPECIMEN #15 


TEST NO. 47 
COMPOSITE INTEGRAL LINER 
1:1,5 LOADING RATIO 
TESTED 13 JULY 1978 
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REACTION FRAME TEST SET-UP 


Specimen #15 Test #47 


1:1.5 Load 
C-x-9 8" 13 July 1978 





CH 12-19 Load axis I.D. (Research, Inc. Model 4040). 

CH 20-22, 25-29 Axial load (Transducers, Inc. Model 693-300K). 

CH 30-41 (Ailtech SG 129-6S) Radial pairs at center. 

CH 50-57 (Ailtech SG 129-6S) Polarity indicates rod under tension. 
Lower rod shown (XX). 


Odd gages on Rebar. 
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3.1.7 SPECIMEN #20 
CRETEST OF SPECIMEN #14) 


TEST NG. 49 
COMPOSITE INTEGRAL LINER 
1:2 LOADING RATIO 
TESTED 4 AUGUST 1978 
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REACTION FRAME TEST SET-UP 


Specimen #20 Test #49 
1:2 Load 
C-X-9 8" 4 Aug 1978 


222288 





12-19 Load axis I.D. (Research, Inc. Model 4040). 

20-22, 25~29 Axial load (Transducers, Inc. Model 693-300K). 

30-40 Even-inside at center. CH 31, 35, 37 and 39 on rebar (Ailtech SG 129-68) 
41-43, 46-48 (BLH PA3) On bottom surface. 2 3/4 inch spacing. 

33 and 49 (BLH PA3) Radial strain on bottom surface. 





50-57 (Ailtech SG 129-6S) Polarity indicates rod under tension. 
Lower rod shown (XX). 
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3.2 FIBER-REINFORCED CONCRETE LINER 
3.2.1 SPECIMEN #16 


TEST NO. 48 
FIBER-REINFORCED CONCRETE LINER 
1:1.5 LOADING RATIO 
TESTED 25 JULY 1978 
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REACTION FRAME TEST SET-UP 


Specimen #16 
Fiber Filled 





CH 12-19 Load axis 1.D. (Research, Inc. Model 4040). 

CH 20-22, 25~29, Axial load (Transducers, Inc, Model 693-300K). 

CH 30-43, 46-49, (BLH PA-3) Strain whe tsurements on bottom surface. 

CH 50-57 (Ailtech SG 129-6S) Polarity indicates rod under tensions. 
Lower rod shown (XX). 
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Test #48 


1:1.5 Load 
25 July 1978 





3" Nominal spacing. 
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3.3 AL-10 MODELS 
3.3.1 SPECIMEN #17 


TEST NO. 50 
CORRUGATED LINER WITH 500 ps1 BACKPACKING 
1:1 LOADING RATIO 
TESTED 18 AUGUST 1978 
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REACTION FRAME TEST SET-UP 


Specimen #17 Test #50 


1:1 Load 
2/7 Scale AL 10 18 Aug. 1978 








CH 12, 14-16, 18and 19 load axis I.D. CH 13, 17 Load axis 0,D. (Research, Inc. 4040), 
CH 20-22, 25-29 Axial load (Transducers, Inc. Model 693- 300K). 
\ CH 30, 32, 34, 36, 38 and 40 (Ailtech SG 129-6S) are mounted on crest. (Min. I.D.) 
CH 31, 33, 35, 37, 39 and 41 (Ailtech SG 129-68) are mounted in valley. (Max. I.D.) 
CH 42, 43, 46, 47, 48 and 49 (Ailtech SG 129-68) are mounted midway 6" 
CH 50-57 (Ailtech SG 129-6S) Polarity indicates rod under tension, 
Lower rod shown (XX). 
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3,3,2 SPECIMEN #18 


TEST NO, 51 
CORRUGATED LINER WITH 500 ps1 BACKPACKING 
1:1,5 LOADING RATIO 
TESTED 23 AUGUST 1978 
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REACTION FRAME TEST SET-UP 


Specimen #18 Test #51 
1:1.5 Load 
2/7 Scale AL 10 23 Aug. 1978 





12, 14-16, 18 and 19 Load axis 1.D., CH 13, 17 Load axis 0.D. (Research 4040), 
20-22, 25-29 Axial load (Transducers, Inc. Model 693-300K). 
30, 32, 34 and 36 (Ailtech SG 129-6S) are mounted on crest. (Min. 1.D.) 
31, 33, 35 and 37 (Ailtech SG 129-6S) are mounted in valley. (Max. I.D.) 
38, 39, 40 and 41 (Ailtech SG 129-68) are mounted midway 57/8" from top. 
50-57 (Ailtech SG 129-6S) Polarity indicates rod under tension. 

Lower rod shown (XX). 
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3.3.3 SPECIMEN #19 


TEST NO, 52 
CORRUGATED LINER WITH 500 psi BACKPACKING 
1:2 LOADING RATIO 
TESTED 25 AUGUST 1978 
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REACTION FRAME TEST SET-up 


Specimen #19 Test #52 
1:2 Load 


2/7 Scale AL 10 25 Aug. 1978 
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3.3.4 SPECIMEN #21 


TEST NO, 53 
CORRUGATED LINER WITH 500 ps1 BACKPACKING 
1:2 LOADING RATIO 
TESTED 31 AUGUST 1978 
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3,3.5 SPECIMEN #22 


TEST NO. 54 
CORRUGATED LINER WITHOUT BACKPACKING 
1:1 LOADING RATIO 
TESTED 8 SEPTEMBER 1978 
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REACTION FRAME TEST SET-UP 


Specimen #22 Test #54 
1:1 Load 


8 Sept. 1978 


Corrugated Liner 





CH 12, 14-16, 18 and 19 Load axis I.D., CH 13 and 17 are mounted on the steel load 
blocks measuring load axis diameters outside the 4" x 8" x 12" wooden spacers. 
(Research, Inc. 4040). 

CH 20-22, 25-29 Axial load (Transducers, Inc. Model 693-300k). 

CH 30, 32 and 34 (Ailtech SG 129-6S) are mounted on crest. (Min. I.D.) 

CH 31, 33 and 35 (Ailtech SG 129-6S) are mounted in valley. (Max. I.D.) 

CH 36, 37 and 38 (Ailtech SG 129-6S) are mounted midway 6" from top. 

CH 50-57 (Ailtech SG 129-6S) Polarity indicates rod under tension. 

Lower rod shown (XX). 
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3,4 $-X-11 MODELS 
3.4,1 SPECIMEN #23 


TEST NO. 55 
STEEL LINER WITH 2000 ps1 BACKPACKING 
1:1 LOADING RATIO 
TESTED 26 SEPTEMBER 1978 








REACTION FRAME TEST SET-UP 


Specimen #23 Test #55 
1:1 Load 


26 Sept. 1978 





Built-up Lining (SRI) 





CH 12, 14-16, 18 and 19 Load axis I.D., 13, 17 Load axis 0.D. (Research, Inc. 4040). 
CH 20-22, 25-29 Axial load (Transducers, Inc. Model 693-300K). 
CH 30-35 (Ailtech SG 129-65) Inside on load axis at center. 
CH 36-39 (Ailtech SG 129-6S) Top surface on load axis - .33" spacing. Even gages inside, 
CH 40-43, 46 and 47 (BLH PA-7) Top surface on load axis - 1.0" spacing 
CH 50-57 (Ailtech SG 129-6S) Polarity indicates rod wder tension. 

Lower rod shown (XX). 
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3.4,2 SPECIMEN #24 


TEST NO. 56 
STEEL LINER WITH 2000 ps1 BACKPACKING 
1:1 LOADING RATIO 
TESTED 29 SEPTEMBER 1978 
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REACTION FRAME TEST SET-UP 


Test #56 
1:1 Load 


Built-up Lining (SRI) 29 Sept 1978 


Specimen #24 





CH 12, 14-16, 18 and 19 Load axis I.D., 13, 17 Load axis 0.D. (Research, Inc. 4040). 
CH 20-22, 25~29 Axial load (Transducers, Inc. Model 693-300K). 
CH 30-35 (Ailtech SG 129-6S) Inside on load axis at center. 
CH 36-39 (Ailtech SG 129-6S) Top surface on load axis - .33" spacing. Even gages inside. 
CH 40-43, 46 and 47 (BLH PA-7) Top surface on load axis - 1.0" spacing. 
CH 50-57 (Ailtech SG 129~6S) Polarity indicates rod under tension. 

Lower rod shown (XX). 
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«4,5 SPECIMEN #25 


TEST NO, 59 
STEEL LINER WITH 2000 ps1 BACKPACKING 
1:1,5 LOADING RATIO 
TESTED 13 OCTOBER 1978 
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REACTION 


Specimen #25 


Built-up Lining (SRI) 


Test #59 





CH 12, 16-16 aDes 13, 17 Load 
CH 20-22, 25~2 Axial load (Transducers 

CH 30-35 (ALL 

CH 36-39 (Alltech 
CH 40-43 
CH 5p. 






axis 0.p, (Research, Inc, 4040), 
» Inc, Mode] 693- 300K), 
6S) Inside on lo 


» 46 and 47 (BLH p 


57 (Ai ltech SG 129-6s) Pola 


Rages inside, 
rity ind 
Lower rod shown (XX), 
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3.4.4 SPECIMEN #26 


TEST NO. 60 
STEEL LINER WITH 2000 ps1 BACKPACKING 
1:1.5 LOADING RATIO 
TESTED 26 OCTOBER 1978 
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REACTION FRAME TEST SET-UP 


Specimen #26 Test “60 


CH 
CH 
CH 
CH 
CH 
CH 


1:1.5 Load 


Built-up Lining (SRI) 26 Oct. 1978 





12, 14-16, 18 and 19 Load axis I.D., 13, 17 Load axis 0.D. (Research, Inc. 4040). 
20-22, 25-29 Axial load (Transducers, Inc. Model 693-300K). 
30-35 (Ailtech SG 129-6S) Inside on load ayis at center. 
36-39 (Ailtech SG 129-6S) Top surface on load axis - .33" spacing. Even gages inside. 
40-43, 46 and 47 (BLH PA-7) Top surface on load axis - 1.0" spacing. 
50-57 (Ailtech SG 129-6S) Polarity indicates rod under tension, 

Lower rod shown (XX). 
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3.5 (-X-9 MODEL WITH BACKPACKING 
3,5,1 SPECIMEN #13 


TEST NO, 61 
COMPOSITE INTEGRAL LINER WITH 1000 pst BACKPACKING 
1:1,5 LOADING RATIO 
TESTED 9 NOVEMBER 1978 
(PUMP MALFUNCTIONED; TEST RESUMED ON 27 NOVEMBER 1978) 
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REACTION FRAME TEST SET-UP 


Specimen #13 Test #6] 
1:1.5 Load 
C-X-9 8" With Backpacking 9 Nov. 1978 


(S7—) 


ey 
7S 





~ 52- || ($3-) t 56+ || (57+) 


fe 


12, 14-16, 18 and 19 Load axis I.D., CH 13 and 17 load axis O.D¢(Research, Inc. 4049) 
20-22, 25-29 Axial load (Transducers, Inc. Model 693-3N0K). 
30-41 (Ailtech SG 129-68) Radial pairs on load axis at center. Odd yayes on rebar. 
42, 43, 46-49 (BLH PA~3) On load axis top surface. 2.0" spaciny. 
50-57 (Ailtech SG 129-68) Polarity indicates rod under tension. 

Lower rod shown (XX). 
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